ABSTRACT
Simple sequence repeats (SSRs) or microsatellites have been shown to be one of the most powerful genetic markers in biology. Defined as runs of tandem repeated DNA, they exhibit a high degree of polymorphism due to the mutation affecting the number of repeat units (Tautz, 1989) . This hypervariability among related organisms makes them excellent markers for genotype identification, analysis of genetic diversity, phenotype mapping and marker assisted selection of crop plants.
Eukaryotic genomes contain a large number of SSRs. This abundance allows their use for the construction of high-density genetic maps and enables the molecular tagging of genes. The nature of SSRs gives them a number of advantages over other molecular markers: (i) multiple SSR alleles may be detected * To whom correspondence should be addressed. at a single locus using a simple PCR-based screen, (ii) SSRs are evenly distributed all over the genome, (iii) they are co-dominant, (iv) very small quantities of DNA are required for screening and (v) analysis may be semi-automated.
A common method for the discovery of SSR loci is constructing genomic DNA libraries enriched for SSR sequences, followed by DNA sequencing (Edwards et al., 1996) . This production of enriched libraries is time-consuming, and the specific sequencing required is expensive. Where abundant sequence data are already available, it is more economical and efficient to use computational tools to identify SSR loci. Flanking DNA sequences may then be analysed for the presence of suitable forward and reverse PCR primers to assay the SSR loci. Several computational tools are currently available for the identification of SSRs within sequence data as well as for the design of PCR primers suitable for the amplification of specific loci. We have integrated two such tools within one package, enabling the simultaneous discovery of SSRs within bulk sequence data and the design of specific PCR primers for the amplification of these marker loci. An integrated Web interface further permits the remote use of this tool.
Sequences are initially parsed to SPUTNIK (Abajian, 1994, http://abajian.net/sputnik/), which uses a recursive algorithm to search for repeated patterns of nucleotides of length between 2 and 5. The output of SPUTNIK is then parsed to Primer3 (Rozen and Skaletsky, 2000 , http://wwwgenome.wi.mit.edu/genome_software/other/primer3.html) for PCR primer design. Primers are designed to a defined set of constraints, such as oligonucleotide melting temperature, size, GC content, primer-dimer possibilities, PCR product size and positional constraints around the SSR, to identify the optimal forward and reverse primers for the SSR flanking region.
PROGRAM OPTIONS
SSR Primer is a Web-based tool that may also be run on the command line. The input is in the form of multiple FASTA format DNA sequences. Primer3 options are default, with the following exceptions selected to increase primer specificity. One set of primer pairs is designed at least 10 bp distant from either side of the identified SSR. The optimum size for the primers is 21 bases, with a maximum of 23 bases. The optimum melting temperature is 55 • C, with a minimum of 50 • C and a maximum of 70 • C. The optimum GC content is set to 50%, with a minimum of 30% and a maximum of 70%. While these and additional primer design options may be modified within the script, the authors suggest maintaining these strict criteria to ensure robust PCR amplification.
PROGRAM FLOW AND DEPENDENCIES
The input sequences are subdivided into groups of 10. Each group is parsed to SPUTNIK and the output parsed to Primer3. The results from SPUTNIK and Primer3 are combined and appended to a results file. The SSR primer discovery tool requires SPUTNIK and Primer3 as well as PERL. Input of Web form data is limited to 256 KB or ∼200 000 bp.
PROGRAM OUTPUT
Web version: The output of SSR Primer is a combined results table in HTML format providing summary information on the SSRs identified and a listing of candidate PCR primers. The table includes the sequence ID (derived from the FASTA header), SSR repeat sequence, statistical output from SPUT-NIK, forward and reverse PCR primer sequences and statistics relating to the designed primers.
Command Line Version: The command line version produces the same output as the Web version, though as a tab delimited text file.
PERFORMANCE
Web version: 270 expressed sequence tags (ESTs) representing 215 437 bp of Brassica napus sequence were processed through http://hornbill.cspp.latrobe.edu.au. SSR Primer identified and designed PCR primers for 24 loci within 25 s.
Command Line Version: The SSR Primer discovery tool was executed on a Sun Solaris Ultra-250 400 MHZ with 2 GB RAM. A FASTA file containing 397 673 wheat EST sequences (183 MB) was processed in 3 h 23 min and designed PCR primer pairs for a total of 70 705 SSRs (5720 dinucleotide, 46 508 trinucleotide, 10 895 tetranucleotide and 7582 pentanucleotide). A further FASTA file of 300 870 Brassica oleracea genomic sequences (192 MB) was processed in 2 h 42 min and designed PCR primer pairs for a total of 46 949 SSRs (18 194 dinucleotide, 14 096 trinucleotide, 6252 tetranucleotide and 8407 pentanucleotide). These and further datasets processed representing vertebrate, fungal and plant genomes are available at http://hornbill.cspp.latrobe.edu.au/
DISCUSSION
The application of SSR Primer provides an unprecedented availability of candidate SSR molecular markers. This abundance permits selection of markers that may be most suitable for specific applications or particular organisms. Where a complete genome sequence is available for an organism, SSRs may be annotated with their physical position on the genome. Markers may then be selected either for their location within a specific region of interest or for their even distribution across regions. Where a full genome sequence is unavailable, the location may be predicted through synteny with a sequenced genome or through previous mapping exercises. Furthermore, for species that exhibit low levels of polymorphism at SSR loci, candidate polymorphic loci may be predicted through mining large sequence datasets. The presence of SSR polymorphisms within aligned sequences of different origin would be indicative of the level of polymorphism at that locus. These selection strategies could greatly reduce the time and cost associated with the development and application of SSR markers and provide public SSR marker resources to promote sharing of associated analysis data. Integration of these SSR data with genome databases would provide further benefits to genome researchers.
